It is common for women to report a change in taste (for instance an increased bitter or decreased sweet response) during pregnancy, however specifics of any variation in taste with pregnancy remain elusive. Here we review studies of taste in pregnancy, and discuss how physiological changes occurring during pregnancy may influence taste signaling. We aim to consolidate studies of human pregnancy and "taste function" (studies of taste thresholds, discrimination, and intensity perception, rather than hedonic response or self-report), discussing differences in methodology and findings. Generally, the majority of studies report either no change, or an increase in threshold/decrease in perceived taste intensity, particularly in the early stages of pregnancy, suggesting a possible decrease in taste acuity when pregnant. We further discuss several non-human studies of taste and pregnancy that may extend our understanding. Findings demonstrate that taste buds express receptors for many of the same hormones and circulating factors that vary with pregnancy. Circulating gonadal hormones or other contributions from the endocrine system, as well as physiological changes in weight and immune response could all bear some responsibility for such a modulation of taste during pregnancy. Given our growing understanding of taste, we propose that a change in taste function during pregnancy may not be solely driven by hormonal fluctuations of progesterone and estrogen, as many have suggested.
Introduction
The impact of insufficient or excessive weight gain during gestation on both maternal and offspring health is of great importance (Kaiser et al. 2009 ). Thus, there exists an imperative need to consolidate research across disciplines to understand the role taste plays in food selection throughout pregnancy. Through this review, we will focus on some key studies of taste during pregnancy.
The idea of pregnancy impacting taste is not unusual given that changes in other sensory modalities during pregnancy and labor are widely reported. Women during childbirth report an increase in pain detection thresholds, suggestive of a mechanism to attenuate the pain of parturition (Whipple et al. 1990 ). The nose may become engorged, causing pregnant women to experience nasal stuffiness and congestion (Bende and Gredmark 1999; Ellegård and Karlsson 1999; Philpott et al. 2004 ). Taste and smell, while being fundamentally separate systems, work together to shape feeding behavior and dietary intake. It is also believed, at least anecdotally, that pregnant women are hyperosmic; although, there is less evidence to support this (see review by Cameron 2014) .
Many women report physiological changes to the mouth during pregnancy. In a questionnaire administered to pregnant women, about half reported concerns about salivary secretion, and 63% reported feelings of dry mouth, often linked with taste (Kuga et al. 2002) . Assessment of unstimulated whole saliva during pregnancy reveals that various salivary proteins and hormones peak across pregnancy (Muramatsu and Takaesu 1994; Salvolini et al. 1998) and pH and flow rates decrease (Laine et al. 1988; Rockenbach et al. 2006) . The degree to which this influences taste function during pregnancy remains to be determined. Beyond the mouth and saliva, taste can be influenced by genetics, culture, weight, age, hormones, and various aspects of health. During pregnancy, the maternal physiology undergoes a host of adaptations to support fetal development and growth, as well as to ensure that the fetus receives adequate nutrition. These physiological changes include adjustments to the endocrine system, weight gain, increased blood volume, and immune tolerance. Interestingly, many of these factors are also implicated in altering taste perception.
Non-human models of pregnancy provide the opportunity to study taste from behavior to morphology and gene expression. Histological studies examining the lingual papillae of pregnant rats with scanning electron microscopy found topographic changes such as deeper circular sulci around the circumvallate papillae and larger taste pores in the center of fungiform papillae in pregnant rats compared to controls (Yücel et al. 2002 ). Although not directly tested, researchers suggested that the apparent morphological differences might be due to variation in hormonal levels. In studies of gestating and lactating nulliparous Long-Evans rats using brief access "lickometer" testing, pregnant rats had an increased response to salt taste (Clarke and Bernstein 2001) . Di Lorenzo and Monroe (1989) looked at electrophysiological responses to sweet, bitter, sour, and salty in the parabrachial nucleus of the pons (PbN) of pregnant rats, diestrous female rats, and male rats. The researchers sought to test whether hormonal state was reflective of changes in processing within the gustatory system. While they did find differences between males and the combined group of females, they found no significant difference between pregnant and non-pregnant rats.
Studies of the fruit fly Drosophila melanogaster found that upon mating, gravid females become attracted to the taste and smell of polyamines such as those from overripe and fermented fruits, which taste sour to mammals . This increase in polyamine consumption supports reproductive success in the form of increased number of progeny , providing some support for the idea that taste changes during pregnancy may be beneficial, promoting offspring fitness. This attraction to polyamines may be modulated through a G-protein coupled receptor, the sex peptide receptor (SPR), and its neuropeptide ligands, myoinhibitory peptides (MIPs) acting directly on olfactory and taste neurons that detect polyamines . During human pregnancy, polyamine consumption can be beneficial due to a role in cellular growth, normal cell function, proliferation, and embryonic development (Kalač and Krausová 2005; Lefévre et al. 2011) . Fruits, cheese, and fermented foods are relatively high in polyamines. Human studies have shown that high intakes of polyamines in the first year of childhood correlates with food allergy prevention (Dandrifosse et al. 2000) . While little work exists on maternal diets high in polyamines, researchers note an elevated level of putrescine ( ~2×) and spermine (~75×) in the urine of pregnant women, peaking at 12 weeks of gestation (Russell et al. 1978) , perhaps justifying either higher intake or synthesis.
The findings from these studies of non-human pregnancy and taste are intriguing and imply that taste during pregnancy may be subject to modulation from more than just progesterone and estrogen. Thus, we review existing studies of human pregnancy and taste to see what the trends in taste are during pregnancy, and how we may leverage data from human and non-human research to generate hypotheses for future study. Given our growing understanding of taste, we also seek to question the assumption that the impact of pregnancy on taste is solely driven by fluctuations in hormones.
Challenges in testing taste during pregnancy
The majority of evidence for a change in taste function during pregnancy arises from self-report, where more than 90% of pregnant women report experiencing some change in taste during pregnancy (Kuga et al. 2002) . From here on, we will examine what is known about alterations in taste from direct sensory testing of women (not including retrospective surveys or self-reports), with a focus on research of non-pregnant and pregnant women via taste thresholds (detection, recognition) and/or suprathreshold taste intensity ratings (to both tastant solutions and real foods). Although challenging to carry out, a longitudinal study of taste before, during, and after pregnancy with the same women is subject to the least inherent variability when studying taste in pregnancy. Table 1 illustrates some of the study designs employed by various groups discussed in this article. A common alternative approach was to compare pregnant women to a separate group of non-pregnant controls. This can represent a weakness in study design, as taste response is influenced by additional factors such as genetic variation between panelists, or the menstrual cycle (Duffy et al. 1998) . Although not discussed in depth here, it is also important to consider the stimuli used for testing, see Table 2 for a comparison of various studies. These differences in testing methodology offer challenges in comparing results across studies. Finally, it is important to consider the stage of pregnancy as the pregnant body undergoes progressive changes in hormonal balance, weight gain, and immune modulation across the trimesters. An overview of the population size and stage of pregnancy investigated is also summarized in Table 1 .
Taste across pregnancy
To our knowledge, the study of taste across pregnancy by Duffy et al. (1998) remains the only longitudinal study analyzing the same cohort of women before pregnancy, and on through each trimester. Duffy et al. (1998) tested suprathreshold taste intensity ratings in 46 females before pregnancy and during each trimester, as well as 41 healthy female controls at corresponding time points to assess levels of inherent variation. Interestingly, the control group showed greater variation in sweet and bitter ratings than the pregnant women, which the authors suggest may be associated with the fluctuations in estrogen and progesterone levels across the menstrual cycle. Thus, comparing pregnant women to a different non-pregnant control group, especially one not controlled for timing of the menstrual cycle may generate more variation than would internal controls in a longitudinal study design. Other common approaches in the literature include a cross-sectional design comparing non-pregnant women to women in different trimesters and/or postpartum, or a hybrid study design in which the same women are tracked across trimesters/postpartum with results compared to a separate group of non-pregnant women. The postpartum period, a time in itself with some hormonal/ physiological significance, cannot be assumed to be equivalent to a pre-pregnancy state as it remains unknown whether pregnancy has long-term lasting effects on taste that extend postpartum. Given the increased variation inherent in other study designs, we discuss all other studies in relation to what was found in the longitudinal study by Duffy et al. (1998) . It is important to note that not all studies looked at all tastes, and that both umami and fat taste in pregnancy warrant further investigation.
Of the basic tastes, sweet taste has been the most studied in regards to pregnancy. Duffy et al. (1998) found pregnancy left sweet and sour taste unchanged. Studies by, Brown and Toma (1986) , Tepper and Seldner (1999) , Ochsenbein-Kölble et al (2005) , Belzer et al. (2010) , Saluja et al. (2014) and Nanou et al. (2016) similarly report no change in sweet taste across trimesters and postpartum. However, in contrast to this several studies report decreased sweet taste function in pregnant women (Hansen and Langer 1935; Landman et al. 1980 ) with the decrease usually specific to the 1st trimester (Kölble et al. 2001; Kuga et al. 2002) . Others found sweet intensity ratings decreased later in pregnancy during the 2nd (Tepper and Seldner 1999) and 3rd trimesters (Saluja et al. 2014 ), but the results did not reach statistical significance. In contrast to all other studies, Bhatia and Puri (1991) found sweet taste to increase during the 1st trimester in comparison to non-pregnant and pregnant women in their 2nd and 3rd trimesters.
Sour taste function was either unaffected by pregnancy (Duffy et al. 1998; Ochsenbein-Kölble et al. 2005; Saluja et al. 2014) or was decreased in pregnant women (Hansen and Langer 1935; Landman et al. 1980 ) with any reported decrease again being specific to the first trimester (Kölble et al. 2001; Kuga et al. 2002) . The variation in findings may be explained in some part by the differences in methodology, for instance the time at which pregnant women were tested, how they were tested, or whether pregnant women were compared in a longitudinal, or a cross-sectional/case-control design.
Interestingly, Duffy et al. (1998) found salt intensity ratings decreased during the 2nd and 3rd trimester compared with before pregnancy and the 1st trimester. A reduction in the unpleasantness of citric acid during the 2nd and 3rd trimesters was implied to promote an increase in electrolyte ingestion, associating with frequently reported cravings for salty foods such as pickles, which promote fluid expansion (Duffy et al. 1998) . In one of the earliest studies of pregnancy and taste, Hansen and Langer (1935) reported that pregnant women have increased thresholds for salt. Brown and Toma (1986) recruited 23 pregnant women and asked them to rank salty solutions from weakest to strongest in "sip and spit" tests, reporting whether women ranked correctly or incorrectly. Eleven of the pregnant women ranked the salt solutions incorrectly, while only 2 nonpregnant women ranked the salt solutions incorrectly. These results, similar to the earliest studies by Hansen and Langer (1935) , suggest that salt taste function may be impaired in pregnancy. Interestingly, pregnant women also preferred stronger salt solutions than nonpregnant women (Brown and Toma 1986) . In slight contrast, Kölble et al. (2001) and Kuga et al. (2002) found salt to be decreased during the 1st trimester instead of the 2nd and 3rd as reported by Duffy et al. (1998) , while Landman et al. (1980) , Ochsenbein-Kölble et al. (2005) and Saluja et al. (2014) found no impact of pregnancy on salty taste.
The taste modality with the least consensus in pregnanmcy is bitter. Across trimesters, Duffy et al (1998) and Bhatia and Puri (1991) both found the perceived intensity of bitter stimuli to be increased during the 1st trimester. Duffy et al (1998) found bitter intensity ratings rose in the 1st trimester and then fell in the 2nd and 3rd. The authors postulated that the elevation in bitter intensity in the 1st trimester might help pregnant women avoid toxins during the critical phase of early fetal development. This increase in bitter taste sensitivity during pregnancy may protect the mother and fetus from food-borne illnesses or the consumption of toxins (Profet 1995; Flaxman and Sherman 2000) . Several commonly reported food aversions during pregnancy are high in teratogenic or abortive potential (Profet 1995; Fessler 2002) , thus the protective association of nausea and vomiting in early pregnancy may carry a reduced risk for pregnancy loss (Hinkle et al 2016) . While the above studies found an increased bitter response in the 1st trimester, both Hansen and Langer (1935) and Landman et al (1980) report bitter response decreased across pregnancy, whereas Ochsenbein- Kölble et al (2005) found hypogeusia for bitter during the 1st trimester, that persisted through the postpartum period. This study follows-up on earlier work by Kölble et al (2001) using similar testing methods, finding bitter taste decreased in the 1st trimester. In addition to testing more time points, Ochsenbein- Kölble et al (2005) tested the non-pregnant controls during the second half of the menstrual cycle in order to avoid the early luteal phase when estrogen levels are relatively high; a period which has previously been characterized by increased cravings for sweets (Doty 1978 , Prutkin et al. 2000 . In contrast to findings stating that bitter varies across pregnancy, Nanou et al (2016) and Saluja et al 2014 instead report that pregnancy did not impact bitter taste. Interestingly, Kuga et al (2002) measured gustatory thresholds of regions innervated by the chorda tympani (a branch of Studies are listed starting with a longitudinal design where the same cohort of women were tested, then hybrid studies that investigated and analyzed different time points of pregnancy but in different groups of women, followed by comparisons of non-pregnant and pregnant women. The greyed boxes represent the stage of pregnancy studied, with shading representing different groups of women within an individual study, i.e. did the study assess the same cohort at different times, or a separate cohort at different pregnancy stage. To date, Duffy et al (1998) remains the only longitudinal study to analyze the same group of women before pregnancy and across each trimester. Others (Tepper and Seldner 1999 , Kuga et al. 2002 , Ochsenbein-Kölble et al. 2005 and Belzer et al. 2009 ) did collect longitudinal data across pregnancy however were not able to compare their findings with the pre-pregnant state. VII) and glossopharyngeal (IX) nerve in 32 pregnant (tested serially over each trimester period) and 30 non-pregnant women and found bitter, sweet, salty and sour to be decreased in the 1st trimester in the glossopharyngeal region (the tonsils, pharynx, and the posterior onethird of the tongue), but no change to bitter or salty for the region innervated by the chorda tympani. Finally, Kuga et al (2002) detail a case report of longitudinal electrogustometric testing of a single subject from the 9 th to the 33 rd week of pregnancy. Both gustometer and tastant thresholds were elevated early in pregnancy, with corresponding report of a preference for strongly flavored foods.
Overall, findings are intriguing, however a clear consensus is lacking. The only longitudinal study to date found bitter increased in the 1st trimester and salt decreased in 2nd and 3rd trimester (Duffy et al 1998) ; however, only one other study reports an increase in bitter taste (Bhatia and Puri 1991) while other studies do not confirm a decrease in salt taste. This is in opposition to the trends suggested by other authors (see Table 3 ) of no change or a weakening of taste function during pregnancy, particularly during the 1st trimester. While all authors sought to evaluate taste during pregnancy, a likely reason for this disagreement in findings is that individual variation was not controlled for aside from in the longitudinal design by Duffy et al 1998. The degree to which taste function must shift to cause a change in food preference or feeding behavior also remains unclear.
Endocrine factors and their effect on the peripheral taste system
The discovery over the last few decades of endocrine receptors in taste buds has changed the way we think about taste. Some have hypothesized that the ovarian hormones estrogen and progesterone may play a role in craving etiology during pregnancy (Orloff and Hormes 2014, Faas et al, 2010) , however, a direct role is yet to be proven. The following section summarizes direct modulators of taste function that increase in pregnancy, many of which have been studied using non-human animal models (Table 4) . For an extended general discussion of the endocrinology of taste, consult reviews by Calvo and Egan (2015) , Dando (2010 ),and Loper et al. (2015 .
The oxytocin receptor has been described in taste buds, with several recent studies suggesting that oxytocin influences sweet taste response. The oxytocin receptor (OXTR) is expressed in type I taste cells, with oxytocin likely delivered through the circulation, rather than being produced locally in the taste bud (Sinclair et al. 2010) . Studies of oxytocin knockout (KO) mice reveal that without oxytocin regulation, KO mice will consume significantly larger amounts of both sweet and non-sweet carbohydrate solutions than their wild type counterpart (Sclafani et al. 2007) . Further studies by Sinclair et al (2015) suggest that oxytocin acts on OXTRs in taste to dampen peripheral sweet taste responses. Although oxytocin is commonly known for its role during labor to stimulate the powerful contractions necessary for the birthing process, levels of oxytocin gradually increase across each trimester.
Leptin is known as a satiety hormone, produced primarily by white adipose cells to inhibit feeding. Studies by Kawai et al. (2000) show that the leptin receptor (Ob-R) is expressed in type II taste cells. Leptin administration in lean mice suppresses peripheral taste nerve responses from the chorda tympani and glossopharyngeal nerve to sweet substances including non-nutritive saccharin, without affecting responses to other tastants, suggesting that leptin can selectively decrease sweet taste sensitivity (Kawai et al. 2000) . Leptin levels steadily increase during the 1st and 2nd trimesters with 
Trimester (<15 weeks), 2nd Trimester (16-27 weeks), 3rd Trimester (28 week-birth), Postpartum (varied between studies from 6 to 12 weeks post partum). Abbreviations of author names from Table 1 are used here. Studies include taste threshold testing or scaling with pregnant women comparing before and after pregnancy, or comparing pregnant to a separate non-pregnant control group of female panelists. Note, not all studies investigated the same tastants or concentrations, see Table 2 . Ct, chorda tympani; gl, glossopharyngeal.
increasing adiposity, which may in itself result in changes to taste function (Dando, 2015) , peaking in the late 2nd or early 3rd trimester (Hardie et al. 1997 , Schubring et al. 1998 , while also being synthesized in the placenta. Thus, increasing levels of leptin during pregnancy may act on taste cells to dampen sweet taste sensitivity. In pregnant women, the renin-angiotensin system plays an important role in regulating blood pressure, electrolyte balance, and the subsequent wellbeing of mother and fetus. Angiotensin II (AngII) is classically known for its role in the regulation of vascular tone, and sodium reabsorption. AngII acts on 2 receptors, AT1 and AT2, widely distributed in the body. To form AngII, the liver produces angiotensinogen while the kidneys produce renin in response to renal sympathetic activity. Renin cleaves angiotensinogen to create angiotensin I. Subsequently, angiotensin I is converted to AngII by the enzyme angiotensin-converting enzyme (ACE), primarily found within the lungs. During normal pregnancy, all components in the renin-angiotensin system are greatly increased over non-pregnant, except for ACE (Irani and Xia 2008) . In taste cells, the AT1 receptor is expressed with some type I taste cells positive for αENaC, as well as some type II taste cells positive for T1R3 (a shared subunit for sweet and umami taste signaling) and TRPM5, suggesting that the taste system may be a peripheral target of AngII (Shigemura et al. 2013) . In gustatory nerve recordings, AngII was found to enhance responses to sweeteners, and suppress amiloride-sensitive salt taste responses, while the other basic tastes (sour, bitter, umami) were unaffected (Shigemura et al. 2013) . Given the complex system necessary to produce AngII, it is unlikely that the taste cells can produce AngII, although the production of precursors or ACE is conceivable. Taken together, these findings suggest that the increased levels of AngII during pregnancy may act on taste to increase the intensity of sweet taste perception, and diminish that for salt.
An altered immune response may influence taste function
The correct balance of the immunologic system, through proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α) and counter regulatory cytokines such as interleukin-10 (IL-10) is essential for the maintenance and development of a normal pregnancy.
For a review of the role and actions of cytokines in pregnancy, see Moreli et al (2012) . Studies of healthy pregnancy have found a global reduction of proinflammatory cytokines, such as TNF-α, while counter regulatory cytokines, such as IL-10 increase across pregnancy (Denney et al. 2011) . Interestingly, it has also been shown that taste buds utilize many parts of the machinery involved in immune and inflammatory signaling pathways. Mouse studies by Feng et al (2012) showed that TNF-α is localized in type II taste cells that co-express the T1R3 subunit for sweet and umami taste signaling, and that localized taste cell-specific production of TNF-α can be modulated by inflammatory activators such as bacterial lipopolysaccharides. The same group carried out follow-up studies using behavioral taste testing and gustatory nerve recordings of TNF-α knockout mice, finding that the immune system regulates sensitivity to bitter taste (Feng et al. 2015) . Though their taste bud morphology was comparable to wild type animals, TNF-α-deficient mice were found to be less sensitive to quinine in behavioral taste testing, with the taste cells of TNF-α deficient mice less responsive to both quinine and denatonium, with sweet, umami, salty, and sour unaffected (Feng et al. 2015) . A general reduction in TNF-α levels during pregnancy (Denney et al. 2011) or even increases that relate to risks for obstetric complications (Moreli et al. 2012 ) may therefore influence bitter taste. The anti-inflammatory cytokine IL-10 appears not to be expressed in the same taste cells positive for TNF-α or T1R3, but is instead expressed in type II cells positive for G-alpha gustducin (Feng et al. 2014) . Findings by Feng et al. suggest that IL-10 may play a critical role in maintaining the structural integrity of the mammalian taste system, as mice deficient in IL-10 had significantly smaller taste buds, and the number of taste receptor cells per taste bud was also reduced. What roles these adaptations in immune function may have on taste during pregnancy are yet to be determined.
Conclusion
In this review, we examined taste in pregnancy from direct studies of humans, as well as reviewing some of the physiological changes that can influence taste. One conclusion that is plain from our review is that there still remains a need to fully characterize the variation in gustatory function that occurs throughout pregnancy. A deal of Feng et al. (2014) a Indicates that it is produced in taste cells.
disagreement is still evident, possibly due to a lack of agreement on experimental design. The best design remains to test the same cohort of women before, during, and after pregnancy. Integrating studies from animal models with existing theory on the mechanism underlying changes to taste in pregnancy may help in advancing our understanding of feeding behavior during this important period. Since many studies found some change in taste during the 1st trimester, usually a small decrease in function, one might be led to assume that this may be due to the sudden increase in hormones at the beginning of pregnancy. We propose that researchers consider other paradigms to explain modulation of the taste system in pregnancy. Additionally, given the expanding repertoire of taste modulators including hormones, circulating factors, and the immune system, we challenge the assumption that taste is affected during pregnancy only due to changes in progesterone and estrogen. A better understanding of taste modulation in health and disease may help us understand the cause and effect of gestational obesity, hypertension, diabetes, and hyperemesis gravidarum (Belzer et al. 2009; Tepper and Selner 1999; Sipiora et al. 2000) . Further study may enable us to gauge more of the consequences of a change in taste function during pregnancy, e.g. whether taste varies to assist in supporting a healthy pregnancy, or if a change in taste may result in negative consequences to the health of the mother and offspring.
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